In this study we have investigated diamond nucleation on Si substrates by ultrasonic seeding with different liquid solutions of Ultradispersed Detonation Diamond (UDD) powder in a mixture of metal nano-or microparticles (Ni, Co, Y). The influence of different solutions on nucleation efficiency was investigated. For highlighting nucleation centers and better evaluation of the nucleation process the nucleated samples were moved into a Microwave Plasma Enhanced Chemical Vapor Deposition (MW CVD) reactor and a "short-time" (10 min), then followed by a "long-time" (+1 hour), diamond deposition was performed. The morphology of samples was characterized by Scanning Electron Microscopy (SEM) and the chemical composition of grown diamond layer was investigated by Raman Spectroscopy. From the measurements we found out that microsized metal particles positively influenced nucleation and the uniformity of the deposited diamond thin film. The lowest surface roughness was achieved in the case of nanodiamond powder mixed with Co and Y metal powder. 
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In this study we have investigated diamond nucleation on Si substrates by ultrasonic seeding with different liquid solutions of Ultradispersed Detonation Diamond (UDD) powder in a mixture of metal nano-or microparticles (Ni, Co, Y). The influence of different solutions on nucleation efficiency was investigated. For highlighting nucleation centers and better evaluation of the nucleation process the nucleated samples were moved into a Microwave Plasma Enhanced Chemical Vapor Deposition (MW CVD) reactor and a "short-time" (10 min), then followed by a "long-time" (+1 hour), diamond deposition was performed. The morphology of samples was characterized by Scanning Electron Microscopy (SEM) and the chemical composition of grown diamond layer was investigated by Raman Spectroscopy. From the measurements we found out that microsized metal particles positively influenced nucleation and the uniformity of the deposited diamond thin film. The lowest surface roughness was achieved in the case of nanodiamond powder mixed with Co and Y metal powder. The influence of Ni, Co and Y to the nucleation and early growth stage are discussed.
Introduction
Polycrystalline diamond thin film is a promising material for various applications [1] [2] [3] due to its extraordinary properties (high smoothness, wide optical transparency, high hardness, high thermal conductivity, chemical inertness and biocompatibility). However, in most cases there is a strong requirement for low surface roughness and high homogeneity of the diamond films. Low surface roughness can be achieved by, for example, minimizing the crystal size and changing from micro-to nano-(NCD) or ultrananocrystalline (UNCD) diamond films by simply changing the growth conditions. Another, the most significant factor influencing surface roughness is the is the initial nucleation density. Diamond nucleation density on all untreated non-diamond substrates is very low; on silicon it is around 10 5 cm −2 [1] , and hence diamond does not grow readily and uniformly. Good diamond nucleation represents 10 10 cm −2 or higher nucleation density. Nucleation density can be improved by various pre-treatment processes (so-called nucleation process), which enhance the formation of diamond nuclei on the substrates and improve the growth process. These techniques include polishing of the substrate with diamond powder, ultrasonic treatment of the substrate in slurry of micrometer or smaller sized diamond powder, coating of the substrate with diamond-containing materials, or a pre-coating of the substrate with carbon materials [4] . The most widely used processes are Bias Enhanced Nucleation (BEN) [5, 6] and ultrasonic treatment using diamond powder in solution [7] . Even if high nucleation densities are reported by BEN (10 11 cm −2 ), this technique is only applicable to conductive or semi-conductive materials and the nucleation might be rather inhomogeneous. This is especially true of BEN in Hot Filament Chemical Vapor Deposition (HF CVD) while nucleating the diamond films. Additional disadvantages of BEN include the limited of substrate geometries (the technique is only applicable to flat 2D substrates), the requirement for specialized deposition apparatus and the complexity of growing over large areas. In contrast to BEN, ultrasonic seeding allows nucleation of non-conductive substrates with various 3D geometries and no specialized deposition apparatus is needed. In this technique nanosized diamond powder diluted in liquid (deionized water, isopropyl alcohol, ethanol etc.) is used to form diamond nuclei. Diamond nuclei are formed by adhering of the diamond particles from diamond powder solution to the substrates by van der Waals interactions [8] or electrostatic forces based on zeta potential. Zeta potential of diamond particles can be changed to obtain a monodisperse nanodiamond colloid with exceptional long time stability in a wide range of pH and with high positive zeta potential (> 60 mV) [9] . Ultrasonic seeding is the most progressive and universal technique which allows very high nucleation densities up to 10 12 cm −2 [7, 10] . It can also be used easily for selective area nucleation and deposition with a combination of lithography and polymer structures [11] . High nucleation densities were achieved for first time in a so called "new nucleation process" (NNP) introduced in 1999 by Rotter et al. [12] , and further modified and studied by the Butler group [8] . Recently there has been a lot of study on ultrasonic seeding of diamond with various properties, using diamond particles in liquid solution. E.g. the size of used diamond particles can influence nucleation density and homogeneity [13] , as well as the mentioned zeta potential [9] . Moreover, formation of nucleation centers can be improved by addition of metal nano-or microparticles into solution with UDD powder. Buijnsters et. al [14] have added metal particles such as Ti, Fe and W into solutions with nanodiamond powder. They concluded that metal particles have strong influence on the nucleation density and homogeneity of the nucleation. The highest nucleation density has been achieved for Ti nanoparticles combined with nanodiamond powder. However, use of Ni, Co and Y metal powders with UDD powder has not been investigated yet. The result of such an investigation should be interesting as Ni and Co are commonly used as catalysts for diamond film growth in the HPHT (HighPressure, High-Temperature) technique [15] . In HPHT, the addition of Ni and Co catalysts allows pressures to run at lower temperatures than would otherwise be needed to produce diamond. These catalysts dissolve carbon which facilitates diamond precipitation out of solution if other conditions for diamond formation are met. Yttrium has similar behavior as Ti. Another application is described in work of Zhang et. al [20] where synthesizing of diamond single crystal is presented using diamond seed particles electroplated with nickel film as a catalyst for HPHT method. And moreover, Ni, Co and Y are commonly used as catalysts for the growth of carbon nanotubes [16, 17] . This presented work is an extended study of Buijnsters et. al [14] . We will show that use of Ni, Co and Y metal powders also results in enhanced nucleation density, and these metal powders are optimal solution for ultrasonic seeding. For this purpose a microwave enhanced chemical vapor deposition technique was used for a short-time and a long-time diamond deposition for highlighting the nucleation centers and better evaluation of the nucleation efficiency.
Experimental
Mirror-polished n-type (phosphorus doped) (100) oriented Si substrates (10 × 10 mm 2 ) were used for the experiment. First, the samples were cleaned by ultrasonication in acetone for 10 min and in pure isopropyl alcohol for 1 min. Immediately afterwards, the substrates were mechanically seeded in an ultrasonic bath in different solutions. The composition and properties of the solutions used are summarized in Tab. cles are ball-shaped and nanosized, Co particles are microsized (≤ 1 6µm) and rather elongate-shaped. Y particles look like non-uniform clusters with size ≤ 44µm. After the nucleation step the substrates were rinsed with pure deionized water to remove any large slurry residues from the surface. The ultrasonic seeding was performed for 30 min by placing the samples into a holder in a vertical position in a glass vessel containing the mixtures. For better evaluation of nucleation process the samples were moved into Microwave Plasma Enhanced Chemical Vapor Deposition reactor (Aixtron P6) and a "short-time" (10 min) deposition was performed under the following conditions: microwave power of 2 kW, pressure of 5 kPa, gas mixture with 0.5% CH 4 in H 2 and substrate temperature in the range of 700 to 800
• C. After this step the samples were analyzed by Scanning Electron Microscope and Raman spectroscopy with excitation wavelength of 442 nm. After analysis, a "long-time" (1 hour) deposition was performed at the same conditions as before. At this step the primary diamond layer was overgrown and diamond thin films were formed. Fig. 1 shows SEM images of the samples measured immediately after ultrasonic seeding in different solutions.
Results and discussion
As we can see, the nucleation density obtained from solution A in isopropyl alcohol is very low. It may be caused by mixing isopropyl alcohol and deionized water. The nucleation densities of other solutions are very similar. They have higher and comparable densities but different surface features. It appears that the best results are at nucleation with solutions B, D and E (for details see Tab. 1). During the growth process and due to plasma conditions and high temperature, various mechanisms and reactions are taking place on the surface (e.g. absorption, desorption, migration, clustering of molecules and atoms). Due to these mechanisms, the diamond seeds (i.e. nucleation centers) can group into larger clusters or remain in their place and be overgrown with diamond layer. Fig.  2 shows SEM images of the samples after a "short-time" (10 min) deposition of polycrystalline diamond film. The best distribution of nucleation centers (high and homogeneous nucleation density) was recognized for solutions B, D and E with deionized water and nanodiamond (ND) powder, and nanodiamond power mixed with Co and Y microsized metal particles, respectively. For solution C (ND powder + Ni nanosized particles) the nucleation density is also very high, but in this case there is overgrowing of clusters and formation of a non-homogeneous flat diamond layer. The worst result was found out for solution A with isopropyl alcohol/deionized water and ND powder. In this case, similar diamond clusters were formed as with Ni powder (solution C), but with major non-uniformity. Fig. 3 shows what percentage of the substrate surfaces are covered by diamond after short-time deposition. For the surface characterization a new property, the filling factor, is introduced. The filling factor (FF) is defined as FF=A /(A +A )×100%, where A is the area covered with diamond and Ac is the clean area, or the area which is not covered with diamond crystals or clusters. The filling factor was determined using the software package Atlas from corresponding SEM images. As we can see the highest filling factor (∼ 74%) was observed for nucleation 3 with Ni nanopowder. However, in this case as it is shown in Fig. 2c , the diamond nuclei have been overgrown and the layer is not very homogeneous. High filling factor was achieved at nucleation 2 with clean diamond powder (∼ 65%) and at nucleation 6 with yttrium microsized powder (∼ 50%). The lowest filling factor was measured for nucleation 1 with isopropyl alcohol (∼ 35%) and nucleation 4 with Co nanopowder (∼ 33%). However, in the case of Co nanopowder the nucleation is much more homogeneous (Fig. 2a,d) . As was supposed, after long-time deposition the diamond layer is fully closed except in sample 1 (Fig.  4) . In that case (solution A), the diamond layer is not con- tinuous and features bigger cauliflower-like diamond crystals. For other solutions the diamond layer is fully closed and contains diamond crystals with sizes of 200-300 nm. However, bigger diamond clusters were formed in the case of solution C (with Ni powder) and solution B, which made the surface more rough. It is caused by bad nucleation. The lowest roughness was detected for nucleations with Co and Y particles (solution D and E). In both cases no or minimal overgrowth areas, i.e. cauliflower-like structures, were found. The thickness of samples was measured by SEM (Fig. 5) . The highest thickness was observed for sample 1 (644 nm) with bigger diamond crystals. Sample B and C had very similar thicknesses: 483 nm and 437 nm, respectively. The lowest thickness was measured for sample D (286 nm) and E (284 nm). Fig. 6 shows Raman spectra of deposited diamond layers after short-time ( Fig.   6a ) and long-time (Fig. 6b) deposition. After short-time deposition the Raman spectra measured with a blue laser at the wavelength 442 nm shows three peaks, where the first one belongs to second order of silicon substrate (at 950 cm −1 ), the second sharp peak located at 1331 cm
is well known as the diamond peak and is related to sp 3 bonds characteristic for diamond. The third wide band present at 1580 cm −1 is known as the G-band ("graphiteband") and is related to sp 2 graphitic phases. After 10 min of deposition time there are two dominant bands, the wide G-band with sp 2 graphitic phases and the second order of Si, as it is a thin, non-continuous layer. The slope depicted in Raman spectra appeared due to luminescence. It is interesting to detect those Raman spectra of samples nucleated in solution D and E as they exhibit no luminescence. It can be caused by the backlight scattering effect because of microsized metal nanoparticles. The light is scattered on metal particles and hence is a weaker signal in comparison to other samples. In the case of nickel powder (nucleation 3), this scattering on metal particles is not so detectable because of nanosized metal particles and thicker diamond layer after short-time deposition (Fig. 2c) . After a long-time deposition the Raman spectra of each sample indicates high-quality diamond film (Fig.  6b) . The ratio of diamond peak and G-band to second order of Si substrate is getting higher. This appears because the diamond layers became thicker and continuous. In this case, there are also three peaks or bands present at 950 cm is measured. This peak is related to trans-polyacetylenelike fragments [18] , and with other peaks at 1331 cm −1 , 1350 cm −1 and 1580 cm −1 is observed in the spectra of a nanocrystalline diamond films. Moreover, in comparison with Raman spectra of short-time deposition, the diamond peak at 1331 cm −1 became sharper and higher than the Gband, which is the evidence of high-quality diamond film. The slope in Raman spectra of sample 4 and 5 appeared, which means much lower light scattering on metal particles which are fully covered with diamond layer. In general, the slope is caused by luminescence and hydrogen content present at grain boundaries [18] . Incorporation of metal particles was proved by EDX measurement. EDX detected microsized Co and Y particles in the diamond layer but no nanosized Ni particles as these are under the detection limits of the experiment. When we compare Raman spectra of samples with different nucleation solution, we can say that the highest quality of diamond was obtained with solution A and D, where the diamond peak is dominated on the G-band. However, in case of the sample 1, the bigger diamond grain sizes affect the Raman measurements. In addition, the final layer is not fully closed, which may cause problems for many applications. In summary, the combination of nano-sized diamond powder with micro-sized metal powders positively influences the nucleation and takes effect on diamond film growth. In comparison with Buijnsters et. al [14] , where the best nucleation (highest nucleation density) was achieved in solution of nano-sized diamond powder mixed with microsized titanium powder in isopropyl alcohol, in our case we achieved the highest nucleation density for nanodiamond powder mixed with nanosized Ni and microsized Y. However, more flat diamond layers were reached by Co and Y particles. In this case, homogeneous nucleation process and low growth rate results in a flatter diamond layer but with the lowest thicknesses (Fig. 5d,e) . The role of metal particles such as Ni, Co, Y is under discussion, but it is obvious that they influence early stage of diamond growth process. In case of carbide forming [19] metals (Ti, W and Cr) it is known that carbon atoms diffuse into metal particles and form carbides (TiC, WC ...), which create nucleation centers for further growth of diamond crystals. In case of Ni, Co and Y the mechanism can be closely similar, where carbon atoms (due to different surface potential) can absorb metal particles and form diamond nuclei or nucleation centres for further crystal growth. In addition, Ni and Co dissolves sp 2 bonds which may affect also the early growth process. While this study is more technologically focused, detailed description of the chemical aspects of Ni nanoparcticles was presented by Teng et. al [21] .The influence of Ni, Co and Y metal particles on the early growth mechanism is under detailed investigation.
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Conclusion
In our work we have investigated the nucleation of polycrystalline diamond thin films by ultrasonic seeding on Si substrates with different powder solutions and mixtures. We have compared the influence of clean nanodiamond powder, and its mixture with nanosized Ni and microsized Co and Y metal powders. We have also studied the effect of isopropyl alcohol and deionized water on the nucleation efficiency. We found out that the nucleation densities depend on used solutions and are influenced by the shapes, sizes and composition of the powders used as well as of the liquid medium. Of course, the nucleation process depends also on other conditions, i.e. pH of used liquid [22] , power and frequency of the ultrasound, duration of agitation and naturally the growth of diamond layer depends on applied growth conditions. The best results were obtained by using the solution of nanodiamond powder with Co and Y. The worst result was obtained for nanodiamond powder in isopropyl alcohol mixed with a small amount of deionized water. We can also conclude that ultrasonic abrasion with powder slurries increases the surface roughness by the formation of nano-scale scratches.
